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Transit time flow measurement in open channels 
Optimization of measurement accuracy by  
using optimized path positions 
Sebastian Fischer 
 
 
Multi Path Transit Time Ultrasonic Flowmeters (USF) for hydro power plant 
applications are well described in the ISO 60041 and the ASME PTC 18. These 
standards define precisely the position of the acoustic paths, the equations for the 
flow calculation and the expected accuracy of an installation in a filled pipe. 
The ISO 6416 describes the use of USF’s in open channels and is therefore of 
interest especially –but not only- for low head hydro power plants. But the ISO 
6416 does not give any recommendation for the path position and the expected 
accuracy and is therefore of limited value for the user. 
This paper gives a recommendation for the positioning of the acoustic paths in 
open channels and shows the influence of the path position on the accuracy. 
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Introduction 
USF`s of the newest generation are used in pipes of a few millimetres diameter 
up to natural rivers with over 1000m width. USF’s are in use for all types of 
liquids, for gases and even for steam applications. USF’s have a wide 
measurement range, starting from below 1mm/s fluid velocity up to tens of m/s. 
USF measurements are widely used in the hydro power industries. For filled 
pipes, the transit time acoustic method is well described in the ISO 60041 and 
ASME-PTC 18 as an accepted method to determine the hydraulic efficiency of 
turbines. Beside this USF’s are used for penstock and leakage protection. USF 
are the only flowmeters which are in use for turbine performance test but also 
work continuously for optimization and control of the plant.  
For low head hydro power plants the hydraulic conditions for flow measurement 
are more complicated compared to penstock and full pipe applications. Mostly 
the only possible installation position for a flow meter is in the intake bay of the 
power plant. Acoustic open channel measurements are described in the ISO 
6416. But in contrast to the ISO 60041 and ASME-PTC 18 the ISO 6416 does 
not give any recommendations for ideal path positions and the influence of the 
path position on the accuracy of the flow measurement. Therefore the practical 
benefit of the ISO 6416 is limited.  
In particular low head hydro power plants have a need for accurate continuous 
flow meters. There is a potential for optimized operation by determination of 
turbine efficiency as a function of flow, differential level and blade angle. 
Optimized USF fulfil the requirements for this flow metering in an ideal way. In 
particular smaller hydro power plants do need economic solutions with a small 
budget. 
Principle: 
Transit time flow meters are using the effect of the acceleration and deceleration 
of an acoustic wave travelling in an moving fluid (fig. 1). Two acoustic 
transducers x1 and x2 are sending and receiving acoustic waves. The transit 
times T1 and T2 of the travelling acoustic waves along the acoustic path are 
measured by a converter. 
34. Dresdner Wasserbaukolloquium 2011: Wasserkraft – mehr Wirkungsgrad + mehr Ökologie = mehr Zukunft 
Dresdner Wasserbauliche Mitteilungen 
209 
 
B
lo
ck
  C
2 
 
Figure 1 Principle of transit time velocity measurement 
The converter calculates the average velocity v of the fluid along the 
(horizontal) acoustic path (eq. 1). 
αcos212
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vpath  
Equation 1 path velocity 
The average velocity along the acoustic path can be determined with a very high 
accuracy. The resolution of the velocity measurement is smaller than 0,1mm/s 
fluid velocity for most applications in hydro power plants.  
Problem: 
Even if the average flow velocity is very well measured along the acoustic path, 
one acoustic path may not represent the average flow velocity of a real flow 
profile with a satisfying accuracy. In particular open channels often have 
complicated shaped flow profiles (fig.2 ) which are not predictable by models or 
simulation. These profiles depend on the level, bottom friction, rack blockage 
and many other effects. 
 
Figure 2 Real flow profiles deviate from ideal profiles 
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Multi-path USF’s reduce these effects by measuring the flow velocity in 
multiple elevations of an open channel. Such USF’s are achieving a much better 
accuracy in open channels (fig. 3) than single path flow meters. 
 
Figure 3 4-path installation in rectangular open channel 
The ISO 6416 is well describing the flow calculation for such a multi path USF 
but is does not state, how many paths should be used, what the best position for 
the paths are and what accuracy may be achieved.  
Furthermore in the ISO-calculation formulas expect the definition of a K-factor, 
which defines the influence of the bottom friction. This exact factor K is 
unknown by the user of a multi-path USF but has a significant influence on the 
flow calculation. 
All following tests and simulations have been performed in accordance with the 
ISO 6416 described “mid-section-method” 
Best Sensor Position: 
A standard and widely used method for the path position is to place the paths in 
equal distributed distances over the average level in the channel. Another 
method is to place the transducers in the middle of equal weighted (sections of 
same area) square sections of the channel. In rectangular channels both methods 
result in the same path position.  
Since the bottom friction has a significant influence on the flow profile, one may 
expect that a typical flow profile will have a similar velocity distribution to the 
one shown in fig. 2. The gradients of these profiles are very high close to the 
bottom and become lower or almost linear on the top of the channel. Since the 
flow calculation in the ISO 6416 works with a linear interpolation between the 
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paths, it might be beneficial, to reduce the path distance closer to the bottom and 
increase the distance for the higher positions.  
This is in particular of interest for measurements with a small number of paths 
which are typically used for small hydro power plants. 
Lab Test 
 
Figure 4 Lab test at the University of Kassel with 6-path installation 
In 2006 a USF-test at the open channel test bed of the University of Kassel was 
performed. For this test, 6 paths had been placed in a 2.0 m broad and 0.8 m 
high open channel (fig. 5). The reference flow meter is a calibrated magnetic 
flow meter (MID) (DN 600) with a long straight inlet. The declination of the 
channel can be changed between 0° and 4°. The maximum possible flow is 900 
l/s which results in a maximum flow velocity of app. 0.6m/s in the open channel. 
The path velocities had been fast recorded together with the level, the reference 
flow and the calculated flow of the USF. In the post processing, it was checked, 
which path combination of the 6 paths results in the best accuracy when using 2, 
3 or 4 paths. Furthermore it was checked, how big the influence of the K-factor 
on the flow reading was. 
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Figure 5 USF-Transducers on channel wall 
Fig. 6 shows a typical flow profile measured at the university test bed. The exact 
path positions of the 6 paths at the lab test are shown in tab. 1 
 
Figure 6 typical flow distribution in Lab test
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Tabelle 1 Path position in lab test 
path no installation height from bottom [mm] h/H 
6 630 0,92 
5 510 0,74 
4 390 0,57 
3 270 0,39 
2 150 0,22 
1 30 0,04 
As expected, the result of the post processing showed, that it is beneficial to 
place more paths close to the bottom, where the gradients of the flow profile are 
high. Depending on the number of paths (2, 3 and 4), optimum positions have 
been identified. They are highlighted in the result table tab.2.   
Tabelle 2 Results of post processing with various path combinations. Best Positions are 
marked with bold letters 
No of 
paths Path position 
Error of 
reading 
Sensitivity 
of K-factor 
Total 
uncertainty 
2 Pos 1/ Pos 2 9,26% 1,74% 9,52% 
2 Pos 2/ Pos 5 6,19% 11,05% 7,85% 
2 Pos 1/ Pos 3 -1,97% 1,74% 2,23% 
3 Pos 2 / Pos 4 / Pos 6 3,54% 2,21% 3,87% 
3 Pos 1 / Pos 2 / Pos 4 -0,28% 1,73% 0,54% 
3 Pos 1 / Pos 2 / Pos 5 -0,38% 1,74% 0,64% 
4 Pos 3 / Pos 4 / Pos 5 / Pos 6 -1,20% 20,31% 4,24% 
4 Pos 2 / Pos 3 / Pos 5 / Pos 6 0,39% 11,05% 2,05% 
4 Pos 1 / Pos 2 / Pos 3 / Pos 5 -0,16% 1,74% 0,42% 
4 Pos 1 / Pos 2 / Pos 3 / Pos 4 -0,18% 1,74% 0,44% 
6 Pos 1-6 -0,05% -1,74% 0,31% 
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For the error calculation, the K-factor was defined as 0,75 (standard 
recommendation for flat concrete surface). The sensitivity of the K-factor 
describes the influence on the flow calculation when changing the K-factor form 
0 to 1. The total uncertainty is defined as the measured error + 15% of the K-
Factor sensitivity. 
Tab.2 shows, that the path position has a significant influence on the error and 
on the total uncertainty. With an optimized position, the error of a 2-path 
measurement may be <2% but with a bad position it might be also >9%. 
Also for a 4 path measurement, the error might be reduced from 1.2% to below 
0,2% or a total uncertainty of app. 1% 
Simulation results 
The simulation should verify how the optimized path positions -found in the lab 
test- does work for a variation of the flow profile.  
The variation of the flow profile was only done for various bottom frictions to 
check, if different strong gradients on the channel bottom can be well handled. 
Other flow profiles, e.g. flow disturbances on the top of the channel by racks, 
backflow etc. have not been simulated.  
The fig. 7, 8 and 9 are showing simulated flow profiles with a variation of the 
bottom friction. 
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Profil 2
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Profil 3
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Figure 7 simulated flow 
profile 
Figure 8 Simulated flow 
profile 
Figure 9 simulated flow 
profile 
The results of the optimized path position compared to a standard path position 
with equally weighted paths (fig.10) are shown in tab.3 
34. Dresdner Wasserbaukolloquium 2011: Wasserkraft – mehr Wirkungsgrad + mehr Ökologie = mehr Zukunft 
Dresdner Wasserbauliche Mitteilungen 
215 
 
B
lo
ck
  C
2 
 
Tabelle 3 results from simulation 
 4 path standard 
4 path 
optimized 
3 path 
standard 
3 path 
optimized 
2 path 
standard 
2 path 
optimized 
simulated 
profile 1 -0,82% -0,29% -1,16% -0,29% -1,61% -1,52% 
simulated 
profile 2 -0,35% -0,62% -0,70% -0,89% -1,35% -2,76% 
simulated 
profile 3 -1,02% -0,04% -1,55% -0,07% -2,58% -0,15% 
For the profiles 1 and 3, which are profiles with low bottom frictions (concrete), 
the optimized path positions lead to a significant higher accuracy. Only for the 
flow profile number 2, which is a profile with very high bottom friction, the 
results of the standard position showed better results than the optimized position. 
A profile like that may be expected in applications, where the height of the 
channel is very low and the friction of the bottom is increased e.g. by rocks or 
plants. For applications with low or normal bottom friction -such as concrete 
inlet bays with high levels- the optimized path positions are beneficial. 
 
Figure 10 standard (dashed) and optimized path position (4-path) 
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Installation recommendations 
1. For a total uncertainty <2% use 3 or more paths 
2. For a concrete inlet bay with low bottom frictions use the optimized 
path position as shown in tab.4 based on the average intake bay level 
H 
Tabelle 4 optimized path positions  
Path 2 path 3 path 4 path 
4 n.a. n.a. 0,74 
3 n.a. 0,57 0,39 
2 0,39 0,22 0,22 
1 0,04 0,04 0,04 
3. For complex flow situations in particular flow profiles with backflow, 
surface obstacles and significant changes of the level, more than 4 
paths are recommended, with one path close to the bottom to 
compensate the effects of the bottom friction. 
Conclusion 
If flow conditions are stable and not too complicated, an economic and accurate 
flow measurement in open channel can be done using a 3- or 4-path USF. 
Instead of the widely used equal distributed path positions, an optimized path 
position leads to significant better results. In particular for small and medium 
hydro power plants, this is an effective possibility to monitor and optimize the 
plant efficiency. 
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